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Abstract 
Millimeter wave systems offer high date rate due to huge bandwidth but suffers from poor link budget. This is due to the 
blockage of the millimeter wave signal by the obstacles of size comparable to that of the wavelength of the signal. Various 
analysis in improving the signal strength is reported. One of them suggests use of directional antenna which guarantees signal 
delivery if line of sight communication between the transmitter and receiver exists. The other alternative scheme is Multi Input 
Multi Output (MIMO) beamforming that uses the channel statistics to steer the beam thereby improving the multiplexing gain 
and beamforming gain. In this paper, extensive research work carried out by us in MMW MIMO at 60 GHz covering aspects 
related to MIMO fixed-beam, adaptive beam and multibeam beamformers addressing line-of-sight and non-line-of-sight channel 
for MMW 60 GHz system is reviewed.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
The major attraction in MMW system is the availability of large amount of unlicensed bandwidth that offers 
Gigabit data rate communication [1]. MMW frequency ranges between 30 GHz and 300 GHz. The main focus of the 
work is on the spectrum 57 –64 GHz with 60 GHz carrier frequency that offers 7 GHz bandwidth. One issue with 
MMW is the free space path loss (FSPL) that is huge compared to lower frequency range and hence opts for 
directional radiation rather than omni directional [2].   
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To improve the received signal power, link budget and data rate, many solutions were proposed. Solutions that 
were cost-effective and proven technique in lower frequency is beamforming in Multi Input Multi Output (MIMO). 
MIMO requires rich scattering to provide high data rate. But with MMW 60 GHz system, studies in [3,4,5] indicate 
feasibility of MIMO in line-of-sight (LOS) channel conditions. Also flat fading channel characteristics of average 
delay spread of 1.289 ns due to directive beams has been reported [6,7,8]. Since LOS communication requires 
perfect alignment between transmitter and receiver, which is not always guaranteed, non-line-of-sight (NLOS) 
propagation is essential in MMW signal transmission and reception. MIMO based baseband beamforming and 
Radio Frequency (RF) beamforming addressing the issue of poor link budget analyzed in the reported publications 
by several researchers. Thus the role of MIMO antenna beamforming in MMW ensuring improved multiplexing 
gain, directivity, capacity, reduced power consumption and reduced RF hardware complexity is  reviewed. 
2. Need for antenna array for 60 GHz system  
In 5 GHz radio, with moderate path loss omnidirectional antenna is a better choice keeping in mind the 
transmission range. In 60 GHz radio, the signal suffers huge path loss, to overcome the loss, high gain 
directional antenna is required. The amount of path loss incurred at 60 GHz could be compensated by the array 
antenna concept as well [5], [9]. Typical MIMO at 5 GHz and 60 GHz (2x2) 
          
  
  
 
  
 
 
 
                             (a) Omnidirectional Pattern                                      (b) Directive Pattern 
   Fig. 1. (a) 2x2 MIMO using omnidirectional antenna with the beam pattern; (b) 2x2 MIMO antenna array using directional antenna with the 
beam pattern without change in total size of the antenna array system.  
Fig. 1a and Fig. 1b show a typical 2x2 MIMO configuration with their beam pattern shown only for depicting the 
amplitude levels for 5 GHz single antenna and 60 GHz array antenna respectively. The increase in the gain will 
compensate partially the high path loss factor at 60 GHz..  
3. Overview of MMW MIMO beamforming techniques  
Baseband beamforming technique using channel statistics, antenna spacing to improve the data rate is reviewed in 
section 4. The impact of RF beamforming on capacity, channel parameters, antenna gain and signal-to-noise ratio 
(SNR) of the system is analyzed in section 5.  The various beamforming techniques in baseband and RF stages are 
outlined in Fig.  2. 
4. MIMO baseband beamforming for 60 GHz  
  Eigenmode beamforming using water filling and beam-steering with Minimum Mean Square Error (MMSE) 
receiver using fixed constellation analyzed [10]. The authors extended the work using adaptive beamforming and 
spatial multiplexing to obtain capacity improvement [11]. Non-uniform arrays were proposed that reduced 
correlation over large set of ranges [12]. The authors [13] have compared the performance of MIMO with and 
without beamforming in the spectral range 57- 64 GHz. The MMW MIMO with beamforming had much better 
performance compared to MIMO without beamforming which reinstates further investigations on the need for 
MIMO beamforming for MMW. 
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5.  MIMO RF Beamforming for 60 GHz system 
To minimize power consumption of RF devices, RF beamforming using various methods listed in section 3 
is reviewed. 
 
 
    Fig.  2. Overview of MMW MIMO beamforming techniques 
5.1  Single beam  
 
Single beam is generated when the weight vectors of the beamforming network are of the same amplitude, 
frequency and equal phase. Two special cases of single beam visa-vis fixed and adaptive beam exist. Fixed and 
adaptive beamforming using MIMO antenna array form the best alternate in diffraction limited environment. The 
analysis with the objective of improving the link robustness, channel capacity, array gain, mixed beamforming 
techniques are discussed in length in the following sections.   
 
5.1.1 Fixed beamformer 
 
In fixed beamformer multiple RF chains are involved in fixing the amplitude and phase of the weight vector. 
Various types of fixed beamformer are discussed below. 
 
5.1.1.1 Direction based beamformer 
 
The influence of beamforming in LOS and NLOS scenario analyzed based on narrowband and wideband direction 
based beamformers for 5x5 and 7x7 planar array [14]. Narrowband beamformer operating on 200 MHz bandwidth 
and wideband beamformer operating on 4 GHz full bandwidth were used to investigate in terms of improving the 
channel metrics that is, delay spread, excess delay and SNR. The performance of direction based beamformer LOS 
channel was comparable to dominant eigenmode and statistical beamformer.  Beamformed NLOS channel showed 
performance degradation relative to dominant eigenmode [14]. The reported results in [14] are tabulated in Table 1. 
Results in Table 1. indicate that the NLOS channels have few strong reflected components. Also influence of array 
size on beamforming was analyzed in addition to the channel metric. The 7x7 planar array had the same 
performance as the 5x5 array, thus setting limits for practically realizable array size. 
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Table 1. Channel Metrics Using 5x5 Planar Antenna Array [14]. 
 
Channel metric Direction 
beamformed LOS 
Direction 
beamformed NLOS 
RMS Delay spread 1 ns 5 ns 
 
Excess Delay 0.5 ns 0.5 ns 
 
Array gain MN, where M and 
N are the number 
of antenna 
elements 
 
 
5.1.1.2  Codebook based beamformer 
 
To minimize power consumption of RF devices, codebook based beamforming proposed [15]. The elements of the 
codebook are specified by one of the four phase shifts (0, 90, 180 and 270 degrees) without any amplitude 
adjustment [16].  
 
5.1.1.3  Low complexity precoding 
 
Precoding in traditional MIMO systems is implemented in the baseband. Baseband processing requires a 
dedicated radio frequency (RF) chain. This increases the cost of MMW RF hardware [17]-[18]. Thus precoding is 
shared between the analog and digital domain. Precoding in analog domain is done to reduce high cost of mixed -
signal and RF chains. However precoding in the RF domain after upconversion is implemented using analog phase 
shifters [19] - [20], that place a constant modulus constraint on the elements of the precoding matrix. Antenna 
selection, equal gain transmissions were proposed to address the problem of limited number of transmit/receive 
chains [21]. These solutions do not account for large MMW systems, where transmit correlation is to be analyzed. 
Hence single user beamforming and precoding in MMW systems using large arrays is considered [22].  
 
5.1.1.4  SVD based beamformer 
 
MIMO postamble, used to reduce the complexity of implementation in MIMO beamformed system with SVD 
proposed [23]. The complexity reduction is achieved by extracting CSI from the MIMO postambles that avoids the 
need for feedback. This leads to simple MIMO system architecture [23].  
 
5.1.1.5  Beamforming with open loop transmit diversity  
 
Conventional beamforming with open loop transmit diversity studied and performance evaluated based on 
theoretical calculations [24]. The hybrid scheme provides gain improvement over conventional beamforming with 
the same complexity [24].  
 
5.1.1.6  Continuous Aperture Phased (CAP) MIMO 
 
CAP MIMO based on the concept of beamspace MIMO that enables efficient access to the p communication 
modes of an n-dimensional MMW link is proposed, where p << n [25]. This is possible by exploiting the spatial 
dimension at MMW using high gain directional antenna proportional to n that leads to sparsity of propagation paths. 
This reduces the dimension of the communication subspace. Discrete lens array used to capture the beamspace 
channel matrix. The channel matrix is nearly diagonal indicating orthogonal Fourier spatial basis vectors used for 
beamforming. Mutual coupling is a matter of concern between closely spaced feed antennas which requires further 
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investigation [25]-[26]. Thus fixed beamforming techniques emphasized on cost-efficient ways of determining the 
weight vector. 
 
5.1.2  Adaptive beamforming 
 
Indoor environment predominate with LOS and reflected paths, transmit and receive beamforming serves as an 
ideal choice to select a subset of antenna elements. This considerably reduces spatial processing [27]. The CSI 
fedback from the receiver to the transmitter, selects the transmitter antenna elements with the help of beamforming 
network. This reduces the requirement of multiple RF chains [27]. 
 
5.1.2.1  Beamforming with closed loop transmit diversity downlink 
 
Beamforming and closed loop transmit diversity in downlink proposed [28]. The transmitted signal phase and 
amplitude on the diversity antennas is adjusted using feedback from each mobile user. With fixed antenna array, 
energy is radiated in fixed direction that may lead to interference to the mobile user other than the intended mobile 
user. To meet the Quality of Service (QoS), high power overcoming the interference is required. In an attempt to 
reduce the interference adaptive antenna array capable of steering the radiated energy to or from the mobile user is 
used [28]. Thus in adaptive beamforming, time-varying channels are better estimated over specific frames by 
transmit beamforming and CSI known to transmitter  [29].  
 
     5.2  Multibeam 
 
Multibeam is generated by antenna array. They form an integral part in MIMO systems. The capacity and 
performance of a system can be improved in two ways (i) At the baseband or at the intermediate frequency (IF) level 
by spatial multiplexing and diversity (ii) At the RF level by having antenna array and beamforming network [30] 
The diversity combining enhance the signal-to-noise ratio (SNR) of the received signal, while the beamforming 
network steers the beam to a direction where maximum gain is achieved [31]-[32]. Combining the above two 
methods may result in increase in both capacity and performance. This also leads to reduction in interference in 
multiuser environment [33].  
 
   5.2.1 Spatial and beam diversity 
 
Spatial diversity with beam diversity to create rich scattering environment is proposed [9]. Fig. 3. shows a typical  
NLOS configuration based on the singlebeam and multibeam antennas employed for MIMO, for an indoor 
environment. Analysis was carried out for single beam, dualbeam and general N-beam. The MIMO beamforming 
setup in [9] is used to generate singlebeam, dualbeam and general N-beam by proper selection of the weight vector’s 
amplitude and phase. The transmit diversity for 2x2 system combined with dualbeam generated using two elements 
per antenna array with out of phase feed configuration is considered [9]. As a tradeoff between transmit power and 
computational complexity, analysis was restricted to dualbeam. Comparing the performance of dualbeam MIMO 
with single beam MIMO it is found that the dualbeam with transmit beamforming and space time block code has 
given diversity gain of 8 as against the diversity gain of 4 achieved using singlebeam MIMO [9]. In addition a 
power gain of 1.6 dB is achieved in dualbeam MIMO compared to singlebeam MIMO and shown in Table 2.The 
polar representations of singlebeam, dualbeam and general N-beam with proper selection of weight vector’s 
amplitude and phase is shown in Fig. 4a, Fig. 4b and Fig. 4c. The analysis and the results indicate a low complex 
receiver with dualbeam transmit antenna achieving considerable improvement in performance [9]. Thus, multibeam 
based MIMO improves the performance due to large number of multipaths compared with single beam. 
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(a)                                                                                  (b) 
   Fig. 3. (a) Single beam; (b) Multibeam MIMO in NLOS  
           
 
                            (a)                                                                                                              (b) 
 
 
(c) 
                     
Fig. 4. (a) Single main lobe and back lobe obtained using weight vectors of the same amplitude, frequency and equal phase;  (b) Two main lobes 
and two back lobes obtained  using out of phase weight vectors; (c) Multiple main lobes and multiple back lobes obtained using weight vectors of 
random phase i.e  45o. 
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Table 2. Power gain comparison between single beam and dualbeam MIMO 
 
MIMO 
configuration 
BER Singlebeam 
MIMO  
Eb/No 
Dualbeam 
MIMO 
Eb/No 
Power gain 
2x2 10-3 4 dB 2.5 dB 1.5 dB 
 10-4 5.6 dB 4 dB 1.6 dB 
 10-5 7 dB 5.7 dB 1.3 dB 
 
Table 3. Performance comparison of baseband and RF beamforming techniques specific for 57-64 GHz 
 
Beamforming technique Parameter analyzed Computational 
complexity of weight 
vector 
RF Power Cost Channel 
Suitability 
Baseband beamformer 
MMW MIMO using array of subarrays Directivity and spatial 
multiplexing gain  
 High Moderate Low  LOS 
RF singlebeam (fixed) 
Codebook based beamformer 
 
 
Beamforming and precoding in MMW 
systems with large arrays  
 
 
SVD based beamformer 
 
 
Beamforming with open loop transmit 
diversity  
 
Continuous Aperture Phased (CAP) 
MIMO  
Weight vector amplitude 
and phase  
 
Channel Capacity and RF 
hardware complexity  
 
MIMO Complexity in 
beamforming 
 
Beamforming gain  
 
 
Sparsity of propagation 
paths  
Less 
 
 
Less 
 
 
 
Less 
 
 
Less 
 
 
Less 
Low 
 
 
Moderate 
 
 
 
High 
 
 
High 
 
 
Low 
Low 
 
 
Low 
 
 
 
Low 
 
 
Low 
 
 
Less 
 
 
 
 
 
 
LOS 
RF singlebeam (adaptive) 
Beamforming with closed loop transmit 
diversity  
Weight vector High High High LOS 
RF multibeam 
Spatial and Beam diversity 
 
 
Multilevel training and antenna 
selection  
 
 
 
Diversity gain and weight 
vectors 
 
Selection of the best 
transmit and receive  
weight vectors 
 
 
Less 
 
 
High 
 
 
 
 
 
Moderate 
 
 
Moderate 
 
 
 
 
 
Low 
 
 
Low 
 
 
 
 
 
 
 
 
 
NLOS 
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5.2.2 Multilevel training and antenna selection 
 
Multilevel training and antenna selection was considered in order to reduce the beamforming setup time. In every 
level transmit and receive antennas are selected based on inter-element spacing. This is followed with transmitting 
training sequences with different weight vectors from a pre-defined codebook. This helps the receiver to select the 
best transmit and receive weight vector to optimize the SNR. Efficient codebook –based MIMO beamforming 
training scheme proposed for estimating antenna weight vectors [34]. Multibeam system is highly suitable for 
MMW-MIMO in indoor local environment, where systems need not be aligned with LOS condition. Table 3, 
compares the performance of baseband and RF beamforming techniques. specific for 57-64 GHz frequency range 
for LOS and NLOS channel conditions. Baseband and RF single beam are suitable for LOS channels, while RF 
multibeam is best suitable for NLOS channel conditions. 
 
6.  Conclusion and future research directions 
 
Beamformer reduces the interference and ensures increased received signal power. Various techniques catering to 
Baseband and RF based beamforming for MMW MIMO reported. The phase and amplitude of the weight vectors of 
the beamformer are fixed or can be adapted based on the CSI fedback to the transmitter. Implementation of fixed 
antenna array is preferred compared to adaptive array as this requires complex phase control network.  Solutions 
optimizing the cost of RF chain have been reported.. 
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